Spatio-temporal cleaning of a femtosecond laser pulse through interaction with counter-propagating filaments in air
We demonstrate spatio-temporal cleaning of a femtosecond laser pulse impinging on two counter propagating filaments in air. The retro-reflected signal has essentially a perfect beam profile. Pre-pulses present in the incident pulse are also efficiently removed. The performance of the 'filament mirror' is explained by a plasma-mediated wave mixing process that can be viewed as a transient 3d hologram.
The propagation of an intense sub-picosecond laser pulse in air, even with an energy of a few mJ, is highly nonlinear. Two effects play a major role to induce these strong optical nonlinearities during propagation. The first is the optical Kerr effect. By inducing a change of the air refractive index, it leads to beam selffocusing. Although weak at first, self-focusing is cumulative on propagation and becomes precipitous after some distance if the pulse initial peak power exceeds a critical value P cr = which varies between 2.8 GW and 12 GW at 800 nm in normal atmosphere, depending upon pulse duration [1] . Here, n 0 is the linear refractive index, n 2 the non linear index coefficient, and 0 is the laser wavelength. The second effect is high field ionization. Total beam collapse is prevented by the onset of ionization, a process requiring the simultaneous absorption of a large number of photons in air. The ensuing plasma is responsible for beam defocusing, an effect which clamps the pulse peak intensity to a value ~ [2, 3] . The dynamic competition between optical Kerr induced self-focusing and plasma defocusing thus leads to the emergence of an intense contracted pulse propagating over distances exceeding its Rayleigh length. Due to its high intensity, the contracted pulse leaves in its wake a narrow string of under-dense plasma. This highly nonlinear propagation regime is called filamentation [4] . In this letter, we examine experimentally the situation of three femtosecond laser pulses 1, 2, 3 crossing in air, two of which (1 and 2) are intense and consist of counter-propagating filamentary pulses. The pulse 3 is weaker and is non collinear. In traditional non-linear optics, a configuration of lower intensity counterpropagating beams forms a phase conjugate mirror that retro-reflects a non collinear wave and inverts its spatial phase [5, 6] . In a similar way, we detect a signal in direction opposite to beam 3. The counterpropagating filaments thus can be viewed as a transient mirror that retro-reflects part of the incoming beam 3. However in contrast to the usual case of phase conjugation, the retro-reflected beam (4) in the present case has a distortion-free profile, irrespective of the initial spatial phase of beam 3. We also show that precursor light present in beam 3 is efficiently removed in the retro-reflected pulse. To explain our results we consider the interaction of the three beams in the high intensity limit. This experiment illustrates the difference between traditional and femtosecond nonlinear optics. The high peak intensity of femtosecond laser pulses leads to specific effects such as non-linear propagation and plasma formation [4] . In addition, this experiment shows that two counter-propagating filaments provide a simple scheme to clean femtosecond laser pulses. Such pulses could find applications in ultrafast physics where femtosecond laser pulses with a high quality beam profile, good stability and a high contrast are needed [7] [8] [9] .
The principle of the experiment is shown in Fig. 1(a) . Two ultra-short laser pulses 1, 2 of equal peak power > 12 GW undergo filamentation in air and then meet from opposite directions along z. The formation of a plasma bubble in the interaction zone is verified by the appearance of a bright spot superimposed on the blue filament luminescence tracks from ionized N 2 molecules [10] , as shown in Fig. 1(b) . A weaker pulse 3 (beam diameter: 2 mm, P max = 2 GW) is focused with an f = 150 mm lens onto the bubble and is time coincident with the filament pulses. Due to the highly nonlinear ionization rate with laser intensity, the size of the plasma shrinks to a small volume. Through luminescence imaging, we measured the shape of this bubble in the presence of the three pulses. It is an ellipsoid of revolution with axis 11 µm along z and 30 µm along x, y. It induces two signal beams 4, 4', one counter-propagating with beam 3, the other copropagating and amplifying it. All laser pulses 1, 2, 3 with a central wavelength at 800 nm and duration of 85 fs are derived from the same Ti: Sapphire laser. They are contained in the horizontal plane (y, z) and are polarized along x. Figure 2 shows an example of a beam profile before and after reflection on the filament mirror recorded with a CCD camera. Here, the incident beam 3 propagates perpendicular to the filament paths ( = 90°) and is intentionally of poor quality, with a pronounced diffraction pattern and two holes in its fluence profile. By contrast, the retro-reflected pulse 4 has essentially a single spatial mode profile (Fig 2(b) ). We have verified that other strong initial beam distortions, such as those introduced by masking part of the beam, are also removed. As shown in Fig. 3(a) , the filament mirror reflectivity R = W 4 /W 3 increases with decreasing angle  between beams 1 and 3, where W i is the energy of pulse i. Fig. 3(b) shows R as a function of the incident filament pulse energy for a  = 90° geometry. One notices a fast increase of the reflected signal 4 above 100 µJ when the pulses 1, 2 start ionizing air until a plateau is reached with a reflectivity of 10 -20%. We have also measured an amplification of the transmitted energy of pulse 3 in the presence of the filament pulses. The amplified part 4' is equal to the retro-reflected signal 4. It shows that laser energy is transferred from the filament pulses 1, 2 to the signal pulses 4, 4'. To discuss these results, we examine the effect of a change of refractive index of air in the presence of the three waves. The superposition of the three waves 1, 2, 3 leads to a transient 3-d plasma hologram that encodes the spatial phase profile of the three beams. The phase profile is dominated by the index variation from the plasma. It is of the form:
) N is the number of effective photons simultaneously absorbed to create the plasma and E i the complex electric field of wave i. For example E 1 has the standard form:
The holographic volume is simultaneously read by the three waves. We are concerned with the signal diffracted in the direction opposite to wave 3. It takes the general form:
,. (4) where F is a slowly varying amplitude that includes a number of terms that increases rapidly with N. It amounts to 40 terms in the case N = 5, which applies to a laser pulse at 800 nm [11] . Note that wave 4 carries the phase of the filament waves and the inverted phase of wave 3. Pursuing the analogy with optical phase conjugation by degenerate four-wave mixing, we identify the main mechanism responsible for the generation of wave 4. In conventional degenerate four-wave mixing, a pure index grating diffracts part of the counter-propagating beams in direction . In our model, all incident beams contribute to wave 4. However the major contribution is due to beams 1 and 2: the plasma grating formed by filament pulse 1 (2) and converging pulse 3 scatters part of the second filament pulse 2(1) at Bragg angle into the direction opposite to the incident beam 3 (dashed-dotted lines in Fig. 1(c, d) ). Therefore pulse 4 carries the properties of the intense pulses. Now a remarkable property of filamentation is spatial self-cleaning of the contracted beam profile [12] [13] [14] [15] which acquires a Townes mode profile [16] .We have verified that pulse 4 fits indeed a Townes mode profile (see Fig. 2(d) ). An additional effect plays a role in removing phase distortions of beam 3, namely the small size of the grating that acts as a filtering pinhole. To confirm this interpretation, we have measured the signal 4 as a function of delay of pulse 2 with respect to pulses 1 and 3 (see Fig. 4(a) ). The signal decays within 30 ps [17] , because the plasma grating of long lifetime in air can still diffract a delayed pulse 2 [18] . On the other hand, the signal vanishes within 100 fs if pulse 3 is delayed with respect to the filament pulses (see Fig. 4(b) ). This is expected since the formation of the plasma grating requires chronological coincidence of the pulse 3 with at least one of the filamentary pulses. The filament based mirror also displays interesting temporal pulse cleaning properties. The steep initial increase of the reflectivity shown in Fig. 3(b) is responsible for the removal of laser pulse precursors. Indeed the field interference between precursors present in the three pulses does not form a diffracting plasma grating due to their weaker intensities. On the other hand, the saturated reflectivity region above 1 mJ energy reduces shot-to-shot intensity fluctuations of pulse 4. We have verified experimentally the temporal cleaning property of the filament mirror, starting with a laser pulse with a marked temporal precursor, obtained by misaligning the compression stage of the laser. Figure  5 gives the time profile of the pulse, (a) before and (b) after reflection by the filament mirror. The time profile and the temporal phase of the incident pulse 3 and reflected pulse 4 were obtained with a commercial Frequency-Resolved Optical Gating system apparatus (FROG). Figure 5(b) shows that the front pedestal is totally removed after reflection on the filament mirror. The cleaning properties have also been measured over a larger time scale with a third-order cross correlator [19] . As can be seen in Fig. 5(c) , pulse precursors are completely removed over the 10 6 dynamic range of the cross correlator in the trace of the reflected pulse 4. Laser pulses with high contrast are desirable for studies of their interaction with intact samples. A prepulse, even of modest energy content, can pre-ionize a sample and thereby modify the conditions of interaction at the peak of the pulse [20] . Usual cleaning techniques are (i) the use of pinholes which require strict alignment and are subject to damage [21] , (ii) the XPW method which is fragile and expensive [22] or (iii) the plasma mirror which requires a fresh sample after each shot [23] . A filament mirror is cheap since it uses air or another gas as a non-linear material, it is not subject to damage and is relatively easy to align.
In conclusion, we have shown that it is possible to convert a short pulse of arbitrary spatial profile into a single spatial mode pulse by reflecting it on a mirror formed by counter-propagating filaments. The mirror enhances the temporal contrast of the pulse by at least three orders of magnitude. Its action has been described in terms of a transient 3-d plasma hologram. This hologram diffracts part of the filaments light in the direction opposite to that of a third incoming femtosecond laser pulse. 
